Vapor intrusion (VI) is the migration of subsurface vapors, including radon and volatile organic compounds (VOCs), from the subsurface to indoor air. The VI exposure pathway extends from the contaminant source, which can be impacted soil or groundwater, to indoor airexposure points. VOC contaminants of concern typically include halogenated solvents as well as petroleum hydrocarbons. Radon, a colorless radioactive gas that is released by radioactive decay of radionuclides in rock and soil, migrates into homes through VI in a similar fashion to VOCs. This project focused on the performance of permanent versus temporary sub-slab sampling ports for the determination of VI of halogenated VOCs and radon into an unoccupied house. VOC and radon concentrations measured simultaneously in soil gas using collocated temporary and permanent ports appeared to be independent of the type of port. The variability between collocated temporary and permanent ports was much less than the spatial variability between different locations within a single residential duplex. Post sampling leak test results suggested that the temporary SSP desiccation and cracking of the clay portion of the seal were not as detrimental to the port seal performance as would have been expected, this suggests that the Teflon tape portion of the seals served an important function. Pre and post sampling leak tests are advisable when temporary ports are used to collect a time-integrated sample. These results suggest that temporary sub-slab sampling ports can provide data equivalent to that collected from a permanent subslab sampling port.
Introduction
Vapor intrusion (VI) is the migration of subsurface vapors, including radon and volatile organic compounds (VOCs), from the subsurface to indoor air (USEPA, 2015a) . VI has emerged as a priority VOC exposure pathway at many hazardous waste sites nationwide (USEPA, 2015a , NJDEP, 2012 AZDEQ, 2011; MDNR, 2013) . VI occurs because of the pressure and concentration differentials between indoor air and soil gas. Indoor environments are often negatively pressurized with respect to outdoor air and soil gas, and this pressure difference allows soil gas with subsurface vapors to flow into indoor air through advection (USEPA, 2015a) . In addition, concentration differentials may cause VOCs to migrate from areas of higher to lower concentrations through diffusion, which can lead to VI.
The VI exposure pathway extends from the contaminant source, which can be impacted soil, non-aqueous phase liquid or contaminated groundwater, to indoor air-exposure points. Contaminated matrices; therefore, may include groundwater, soil, soil gas, and indoor air. VOC contaminants of concern during VI typically include halogenated solvents such as trichloroethene (TCE), tetrachloroethene (PCE), and chloroform, and degradation products of TCE and PCE including dichloroethenes and vinyl chloride. Petroleum hydrocarbons, such as the aromatic VOCs benzene, toluene, and xylenes, can also be present as a result of VI. Radon is a colorless radioactive gas that is released by radioactive decay of radionuclides in rock and soil. Radon migrates into buildings through VI pathways in a similar fashion to VOCs. This project focused on the VI of halogenated VOCs, which are relatively recalcitrant to biodegradation in aerobic soils and groundwater, as well as radon, which has a radioactive half-life of about 3.8 days.
Experimental design

Study site
As part of a previously reported study (USEPA, 2012) , sub-slab soil gas sampling ports were installed in the basement floor of the unoccupied and unfurnished test house at 422 East 28th St., Indianapolis, IN (Figure 1 ). The test house is an early twentieth-century duplex, dating from before 1915. Based on the mirrored floor plans of the two sides (Figure 2) , it is likely that the house was always a duplex. Construction is wood frame on a brick foundation with a poured concrete basement floor. A subsequent ground-penetrating radar study suggested that the concrete slab ranged from 0.5 to 0.7 ft in thickness with an irregular undulating contact with the soil beneath (USEPA 2015b). The floor shows a moderate number of thin irregular cracks. The basement is a "look-out" basement where the basement walls extend above ground level to where the basement windows are above ground level.
Sub-slab ports
Single-depth temporary and permanent sub-slab ports (SSPs) were constructed to test the equivalency of SSP systems side by side (Figure 3) . Locations of the paired ports are shown in Figure 2 , with each "SSP" indicating a paired temporary and permanent SSP. Each temporary single-depth, SSP was installed within 30 cm (12 inches [in]) of a single-depth, permanent port.
Temporary sub-slab ports Temporary single-depth sub-slab probes were constructed in accordance with the New Jersey VI Guidance (NJDEP, 2012) . The ports were constructed with flexible tubing (Teflon), and were sealed with hydrated bentonite using the following method:
Mix bentonite in a container, starting with water, then add bentonite until no free water is present and the mixture has the consistency of gel or modeling clay. Apply the mixture to the top 2.5-5.0 centimeters (cm) (1-2 in) of the 0.64-cm (0.25-in) outer diameter (OD), 0.32-cm (0.125-in) inner diameter (ID) and approximately 61-cm (24-in) Teflon tubing [above the Teflon tape barrier required by the NJDEP (2012)] that is wrapped on the section of tubing that is twisted into the drill hole, and as needed at the surface to fill the remaining annular space and make a seal between the floor and the tubing. For this application, granular bentonite with particle sizes, in the medium to fine sand range, were used for fast hydration and easy mixing (Benseal uniform granular Wyoming sodium bentonite). The other end of the Teflon tubing was sealed with a brass needle valve with 0.25-in compression fittings (Figure 3 ). During installation, the adherence of the hydrated bentonite to the slab material and to the tubing was qualitatively noted.
Permanent sub-slab ports Using a rotary hammer drill with a 2.5-cm (1-in)-diameter by 25.4-cm (10-in)-long masonry bit, a hole was drilled to a depth of 3.5 cm (1-3/8 in), this was necessary to sink the SSP fitting below the surface of the basement floor. Next, using a 1.14-cm (3/8-in)-diameter by 25.4-cm (10-in)-long masonry bit, a 1.14-cm (3/8-in) hole was drilled from the bottom of the 2.5-cm (1-in) diameter through the slab into the subsurface material. An assembly of 0.64-cm (0.25-in) OD, ID, approximately 15.2-cm (6 in)-long piece of stainless steel tubing and a Swagelok TM fitting was grouted into the hole drilled into the slab using the following method:
Bentonite was mixed in a container, starting with water, then adding bentonite until no free water is present and the mixture had the consistency of gel or modeling clay. The mixture was applied to the top 2.5-5.0 cm (1-2 in) of stainless steel tubing (above the Teflon tape barrier required by the NJDEP (2012)) as it is twisted into the drill hole, and as needed at the surface to fill the remaining annular space and make a seal with the floor and tubing.
Leak checks
Leak checks were performed on each permanent and temporary port at the time of first use, utilizing the tracer gas/shroud method (CAEPA, 2015) . Helium gas was used as the tracer. Leak checks were performed before sampling at each permanent port and before and after sampling at each temporary port. The temporary ports were leak checked approximately 2 hr after installation and were sampled approximately 3 hr after installation. During leak checking and sampling, a reasonable effort was made not to move the sample tubing at the ground surface, but changes to the integrity of the seal were documented as incidental movement of the tubing occurred and as the bentonite seal aged. Photographs of a typical seal as constructed and after sampling (24-48 hr) are provided in Figures 4 and 5 to show the effect of aging.
Sample collection and analysis
One round of paired samples (10 samples total) was collected from each of the five temporary/permanent pairs, for VOCs and radon by the following methods:
Sub-slab sampling using summa type canisters for VOCs Sub-slab soil gas samples were collected in evacuated, 6-L Summa-type polished canisters. For sub-slab air sample collection, a brass or stainless national pipe thread taper to Swagelok union fitting was used to connect vapor probes to a "T" fitting made of a Teflon flexible line and an in-line valve ( Figure 3) . A portable vacuum pump was used to purge a volume of 100 mL from the vapor probes and sampling lines, which is greater than five line volumes. The line volume or total internal volume of the Teflon sampling lines, brass tee and valves, and the stainless steel vapor probe at the permanent port locations is approximately 7 mL. At the temporary probe locations, the total internal volume of the Teflon sampling lines, and brass tee and valves is approximately 6 mL. Immediately after the probe was purged, the in-line valve on the pump end of the "T" fitting was closed and the Summa canister valve was opened to collect a grab sample at a maximum rate of 0.1-0.2 L/min. The Summa canisters are equipped with an adjustable critical orifice with back pressure regulator that is calibrated at the laboratory for a target fill time of 24 hr. The start, ending, and duration of sampling times are reported in Table 1 . The collection of all temporary probe samples were initiated within 7 min of their permanent probe counterpart at each location. The sampling was ceased when canister pressure decreased to within 2-7 in of mercury (Hg). Two samples, temporary port 3 and permanent port SSP 1 were observed to have pressures above 7 in Hg after 24 hr and sampling was continued for a final fill time of 45-48 hr. One ambient background sample was also collected in the basement for comparison with the soil gas samples. The collected samples were then shipped to a National Environmental Laboratory Accreditation Program-certified commercial analytical laboratory for analysis by USEPA Method TO-15 (USEPA, 1999) . Samples from SSP 5 and ambient background samples had a final vacuum of 0 in. Hg but were observed to have some small vacuum with a more sensitive vacuum gauge upon receipt in the lab (Table 1) .
Radon sample collection
Radon concentrations were measured with a portable AlphaGUARD Professional Radon Monitor (Genitron Instruments GMBH, Frankfurt Germany). Operations were based on USEPA guidelines for using continuous radon monitors (USEPA, 1992) . For sample collection and analysis, 0.64 cm (0.25 in) OD, 0.32 cm (0.13 in) ID Tygon TM tubing was used to connect the input port of the AlphaGUARD to a SSP. Tygon TM tubing was used for collection of radon samples because it is more flexible than Teflon tubing. Another section of 0.64 cm (0.25 in) Tygon TM tubing was connected from the outlet port of the AlphaGUARD to the inlet port of a SKC Universal XR pump (SKC Inc., Eighty Four, PA) to provide a sample flow of 1 L/min through the AlphaGUARD. A purge line was connected to the outlet port of SKC pump that was exhausted to the outside through a basement window. Before sampling of the SSP s was initiated, an ambient background radon concentration measurement was taken outdoors and approximately 6 m (20 ft) away from the duplex. Then, the SSP to be sampled was purged with the SKC pump (five SSP line volumes, 100 mL total volume). Finally, the pump was connected to the AlphaGUARD to acquire a full 10-min sample. The Radon data downloaded from the AlphaGUARD were in units of Becquerel (Bq)/m 3 , therefore, these data were transfered into a spreadsheet and converted to picocurie (pCi)/L. The time lag between the sampling of a location's permanent and temporary port ranged from 20 to 170 min.
Results and discussion
Seal integrity
All of the port seals passed the leak test criteria of the detection of less than five percent of tracer compound concentration when initially installed. However, the leak check integrity of the temporary ports declined with time ( Table 2 ). All of the bentonite seals had visible desiccation cracks several days after installation ( Figure 5 ). This cracking was beginning to be visible at the end of the 24-hr sampling period as well. It is suspected that given the visible cracks in the bentonite, the ability of the seals to pass the post sampling leak test is primarily attributable to the careful use of Teflon tape around the tube as part of the sealing process, as required by the NJDEP (2005). It was also noted that the effectiveness of the seal was not expected to be solely dependent on the construction methods for the seal. From first principles, it was expected that the seal effectiveness would also be dependent on:
The degree to which the field staff can hold the tube immobile during the attachment of sampling equipment and sampling. The humidity of the air around the clay portion of the seal, as humidity affects the rate of desiccation. The permeability contrast between the probe-seal (all parts combined) and the immediate subsurface soils. 
VOC sampling results
The VOCs detected in soil gas at concentrations markedly different from the ambient background sample were chloroform and PCE (Table 3 , Figures 6-8) . Concentrations for chloroform, PCE, and TCE in the five paired permanent and temporary sampling ports (excluding the duplicate samples) were within 32, 36, and 4% relative percent difference (RPD), respectively (Table 4) . At one location, SSP-4, a duplicate sample was collected and the RPD in concentrations for chloroform were 8% for the permanent probe and 5% for the temporary probe. The RPD in concentration for PCE in either the permanent or temporary probes in the duplicate sample was zero. The paired data show considerable spatial variability under the basement slab (subbasement) throughout the duplex (more than one order of magnitude), demonstrating the utility of collecting multiple samples in even relatively small structures. The highest concentrations appear in the central and southern portions of the 422 East 28th St. side of the duplex (Figure 2) . In reviewing the data presented in Tables 3 and 4 , it appears that the concentrations from the temporary probes may be slightly higher than the permanent probes, but with this limited amount of data, no conclusion can be drawn about the statistical significance of the difference. If only the data from the temporary ports were used, or the data from only the permanent ports were used; it is highly likely that a practitioner would have reached the same site management decision.
Radon results
As shown in Table 5 , there was relatively good agreement (RPD < 20%) between short-term field radon measurements in soil gas, made after the VOC sampling, in both the temporary and permanent ports, except in SSP3. The radon concentration in temporary port SSP3 was substantially higher than in the permanent port at that location. Variability between shortterm field radon measurements in soil gas made before and after the VOC sampling was also greatest in location SSP3. This may suggest that port SSP3 is located at an area with a sharp gradient in radon concentrations over a very small area of 30 cm.
Study limitations
There were several limitations of this study: This study was performed at only one site. The temporary ports installed in this study were under the direct field supervision of a highly experienced staff member who had installed numerous ports over several years.
No attempt was made to evaluate the variability in seal quality of ports installed by workers with varying levels of experience. This study did not examine whether the repetitive sampling over many months, which is a primary purpose of permanent sample port installation, would have yielded a different result than the one-time use of either permanent or temporary ports. Results of sampling the permanent ports used here over a year have been published (USEPA, 2012) and show considerable seasonal variability. This study evaluated only one sealing material, bentonite clay. The NJDEP (2005) allows a number of different materials such as "modeling clay, beeswax or other non-volatile emitting and non-shrinking materials" to be used with Teflon tape "to create a snug fit when the tubing is twisted into the hole." The NY state guidance (2006) includes a somewhat different list of permissible seal materials "the implant should be sealed to the surface with non-VOC-containing and non-shrinking products for temporary installations (e.g., permagum grout, melted beeswax, putty, etc.) or cement for permanent installations." We are not aware of any studies that have compared the seal quality that can be achieved with these different materials to one another. The term "modeling clay" used in the NJDEP (2005) to describe an acceptable seal material is commonly used for a very broad range of product formulations used for a common artistic and educational purpose. The term can be used for at least four different types of materials: (1) products composed primarily of natural, mined clay minerals; (2) products produced by combining oils, waxes, and clay minerals; (3) products made entirely of organic polymers; and (4) products made into a dough of flour, cornstarch, oil, water, and cream of tartar 1 . The organic polymer clays include those primarily composed of polyvinylchloride for example 2 . These have been reported to potentially contain residual vinyl chloride (Woodard, 2000) .
Conclusions
Under the conditions studied here, VOC and radon concentrations, measured simultaneously in soil gas using collocated temporary and permanent ports, appeared to be independent of the type of port. The variability between collocated temporary and permanent ports was much less than the spatial variability between different locations within the same residential duplex. The agreement of concentrations was achieved even though the clay portion of the seal of the temporary ports were visibly desiccated and cracked. Post sampling leak test results suggested that this desiccation and cracking was not as detrimental to port seal performance as would have been expected, suggesting that the Teflon tape portion of the seals served an important function. Post sampling leak tests are advisable (in addition to pre-sampling leak tests) when temporary ports are used to collect a time-integrated sample over a period of several hours.
These results suggest that temporary sub-slab sampling ports which have equilibrated for a minimum of 2 hr can provide data equivalent to that collected from a permanent sub-slab sampling port at the same time. However, it is cautioned that: (1) only one type of seal material was tested in one location; (2) the seals were installed by experts with rigorous quality control, and; thus, (3) these results may not apply to all types of temporary seals and all building foundations.
